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Abstract: This paper addresses the effects of long-term climate change on retrofit actions on a school
building located in a Mediterranean climate. Dynamic energy simulations were performed using
Termolog EpiX 11, first with conventional climate data and then with future year climate data ex-
ported from the CCWorldWeatherGen computational software. To date, many incentive actions are
promoted for school renovations, but are these measures effective in preventing the discomfort that
will be found due to overheating generated by climate change? Today, one of the main objectives in
retrofit measures is the achievement of ZEB (Zero Energy Building) performance. Achieving this
target requires first and foremost a high-performance envelope. This study evaluates the impact of
retrofit strategies mostly applied to the school building envelope, over the years, considering three
different time horizons, until 2080. Thermal performance indices and indoor operative temperature
under free-floating were evaluated. The results highlight that, with a changing climate, it is no
longer possible to assume a constant static condition to evaluate retrofit actions, but it is necessary
to develop a predictive mathematical model that considers the design variability for future years.
There is an urgent necessity to ensure both the safety and comfort of buildings while also anticipat-
ing future variations in climate.

Keywords: climate change; predictive; zero energy building; pandemic; school; dynamic simulation;
comfort; temperature operative; incentive; overheating

1. Introduction

Human activities, agriculture, animal husbandry, deforestation, and the combustion
of fossil fuels produce huge amounts of greenhouse gases, causing the global warming
phenomenon [1]. In recent decades, climate change has led to multiple effects on natural
and human systems on all continents, worsening living conditions. Climate change can-
not be solved quickly, but its effects can be mitigated. Changes must be made in important
sectors, such as transportation, industry, agriculture, waste management, energy, and
construction. The urban environment makes a significant contribution to climate change
[2,3], buildings represent an important share of the total energy consumption, responsible
for 40% of the overall energy consumption in the European Union [4]. Most of the building
sector has poor energy performance, for this reason, one of the main challenges of the
European policy is the definition of strategies and measures to promote the reduction of
energy consumption in the built environment.

1.1. Impact of the Climate Change on Buildings

Long-term changes in external climate are expected to substantially impact the build-
ing energy requirements [5], and therefore, the building energy performance model will
be shifted in the future [6]. Due to climate change, buildings may suffer from overheating
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problems and may no longer guarantee the necessary comfort and productivity, especially
in warm and hot climates. The authors of [7] highlighted the overheating risk also in a
building located in a cold climate, also after the improvement of the envelope. Under cli-
mate change, the energy consumption will rise for cooling and fall for heating [8]. There
is an urgent necessity to ensure both the safety and comfort of buildings while also antic-
ipating future variations in climate. It is essential to design buildings that are increasingly
resilient to future extreme events and capable of being cooled with minimal energy ex-
penditure. This increase in temperature leads to a review of the energy efficiency
measures commonly used in the building stock up to now. It is expected that there is a
significant increase in the cooling consumption of existing buildings, especially for hyper-
insulated buildings. First and foremost, one of the actions that can be done to ensure the
good behavior of the building is to optimize the design of the envelope, considering the
climate in which the building is located, with an eye to the potential overheating due to
climate change.

1.2. The Role of Zero Energy Buildings under Climate Change

The crucial point is to evaluate the effectiveness of measures applied today to reach
Zero Energy Building (ZEB) performances, even under climate change.

There are several and continuously evolving definitions of the ZEB concept [9], and
several studies outline this progress [10,11]. Overall, designing a ZEB means designing a
building with very high energy performance, adequate comfort, and air quality [12]. To
reduce the energy consumption, it is necessary to decrease the energy demand through
the thermal insulation of the envelope, using an efficient system, and generating energy
from renewable sources. In the winter period, heat absorption should be maximized
through adequate insulation of the envelope, while in the summer period, it should be
limited through the installation of shading, which will reduce thermal dispersions of the
entire building. In the long term under climate change, the increase of energy needed to
cover the summer demand, depending on the type of building and the type of thermal
insulation of the shell of the structures, may not be offset by the corresponding decrease
in winter demand; thus, leading to an increase in the overall energy consumption with a
consequent increase of the gas emissions due to the building sector. To reduce the energy
demand, several factors need to be considered, such as the performance of the building
envelope, the efficiency of the systems, and the behavior of the occupants. Given the pro-
gressive global warming, evaluating whether an energy-optimized building with current
climate conditions will remain optimized in the future is the goal of many studies [13,14].
A potential pathway for adaptation and mitigation of the impact of climate change on
total building energy demands is outlined by [15], through the development of a multi-
objective optimization approach.

This study aims to evaluate the measures most commonly applied to public school
buildings. Although the final goal of retrofit actions is to achieve the ZEB target, which
includes evaluation of the entire building consisting of envelope-facilities-renewables, this
study highlights the most common retrofit actions that are only applied to the building
envelope. Optimizing the envelope is a priority step if the contribution of the air condi-
tioning systems is to be minimized. The comfort inside the building is evaluated by mon-
itoring the operative temperature in a free-floating regime, considering the system off,
and then, evaluating only the impact of retrofit actions on the envelope and how these
trends change over the years.

1.3. The Italian Building Stock

The analysis of the Italian building stock in 2011 shows a number of 14,515,795 build-
ings on the national territory, of which non-residential buildings account for about 11%
of the total. Non-residential buildings are grouped according to their functions: produc-
tive, commercial, services, tourist/receptive, and managerial/tertiary [16]. In 2019, the
number of non-residential buildings shows an increase of 0.1% compared to the year 2018
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[17]. In 2018, the energy consumption of the non-residential building sector is increased
by 6% over the previous year to approximately 19.3 Mtep. From 1990 to 2018, the con-
sumption has more than doubled. The sources used for energy production are represented
by electricity with 42% and natural gas with 37.5% [18]. In 2019, there are approximately
50,658 school-use locations nationwide of which 32.6% are dedicated to nursery school,
36.5% to primary school, 17.8% to middle school, and 13.1% to secondary school, most
schools are concentrated in the South [19]. The school buildings present on the Italian ter-
ritory have advanced average age, 38% were built before 1963, 39% from 1964 to 1983,
21% from 1984 to 2004, and only 2% after 2004. Most of the buildings were built with
deficiencies in the load-bearing structures in the systems, with the use of poor materials,
and in periods when there was no particular attention to environmental sustainability and
energy efficiency. Despite renovations, most schools do not meet the standard require-
ments relating to the thermal envelope and are not equipped with heating, ventilation,
and air conditioning. Of fundamental importance is reducing their energy demand. The
heating of school premises is responsible for more than 80% of the heating and cooling
consumption in colder climates. Inefficient systems such as radiators for heat distribution
and gas/oil boilers are often used. In warmer climates, it is the cooling that accounts for
most of the consumption [20]. The consumption due to cooling is negligible compared to
heating because there are very few buildings equipped with such a system. Some strate-
gies to reduce energy consumption in schools have been studied in [21]. To reduce the
energy demand for cooling and heating, simple renovations can be done, such as insulat-
ing roofs, walls, floors, installing double or triple glazing, or installing external solar shad-
ing and/or screening. A large part of energy consumption in Italy is caused by poor
maintenance and renovation of school buildings [22]. In addition, the current pandemic
of SARS-CoV-2 has highlighted numerous deficits in buildings and the need has emerged
to adequately ventilate indoor spaces [23,24], especially schools that, unlike other non-
residential buildings, had to remain open even at crucial times of the spread of the virus,
despite their worst indoor environmental conditions [25]. Here, to the problem of over-
heating and, therefore, the need to increase the capacity of the cooling system, is added
the need to further increase the loads through the installation of forced ventilation sys-
tems, worsening electricity demands.

1.4. The Aim of This Study
This study highlights three important issues:

e Climate change;
e Poor condition of school buildings;
e Evaluation of the effectiveness of retrofit measures on schools under climate change.

Several studies have been conducted on the evaluation of the design of new buildings
and residential buildings under climate change [26-28]. This study starts by covering the
gap in evaluating the effectiveness of the most common retrofit actions implemented to-
day on the envelope. It focuses on school buildings, which, as previously stated, play a
fundamental role, both considering their spread on the territory and considering the state
of degradation in which they fall. To date, many incentive actions are promoted for their
redevelopment, but which of these measures are effective in preventing the discomfort
that will be found due to overheating generated by climate change?

In this context, this study proposes the evaluation of a school building located in
Lecce, Southeastern Italy, in a Mediterranean climate. The school is chosen as a repre-
sentative of the area for its construction properties. This study highlights, through dy-
namic energy simulations, the response of the envelope to the variation of external cli-
matic conditions under climate change. A first analysis has been carried out considering
the building in its actual condition, the simulation has been performed using the conven-
tional climatic data. Like many buildings of the period and built in the same area, the
building chosen as a case study is in very poor condition and therefore needs renovation
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to raise its energy performance. This study proposes the evaluation of the most commonly
applied measures for public schools. The focus is on the efficiency of the building enve-
lope, both opaque and transparent. The thermal behavior of the building is evaluated by
considering the building before and after renovation, for different time horizons, up to
2080. For this purpose, the indoor operative temperature in a free-floating regime and the
thermal performance indices were evaluated.

2. Italian Policy Framework

In line with European legislation, the aim of the Italian regulations is the definition
of a long-term strategy for the renovation of the Italian building stock.

The Legislative Decree n. 28/2011 [29] defines the tools, mechanisms, incentives, and
institutional, financial, and legal framework, necessary to achieve the objectives up to
2020, on the promotion of the use of energy from renewable sources.

The Ministerial Decree 26/06/2015 [30] introduces the methodologies for calculating
energy performance and defines the prescriptions and minimum requirements for build-
ings.

The Legislative Decree n. 48/2020 [31] implements the Directive 2018/844 [32] on en-
ergy performance in buildings, introduces novelties on energy efficiency and performance
of buildings, considering local and external climatic conditions, trying to optimize the
cost-benefit ratio.

To determine the verifications to be respected according to the Italian national regu-
lations, it is necessary to evaluate the areas of application and the specific intended use of
the building.

In accordance with the Ministerial Decree 26/06/2015 [30], the areas of application
concern the type of intervention to be carried out, namely:

e New construction;

¢ Demolition-reconstruction;

e Extension of existing buildings with a new system;

e Extension of existing buildings with the system extension;
e Major renovations of first-level;

e Major renovations of second-level;

e Energy requalification of the envelope;

e New system installation;

e System renovation;

e Generator replacement.

Regarding the proposed case study, it is a school (intended use), and the planned
intervention is a major renovation of second-level (area of application), as it affects the
building envelope with an incidence greater than 25% of the total gross dispersive surface
of the building and does not involve the winter and/or summer air conditioning system.

For this type of intervention among the limit values to be respected, there is the ver-
ification of the global average coefficient (H'r), defined as:

' Higradj W

Hp = ﬁ [ﬁ] )
where Hiragjis the global coefficient of heat exchange by transmission of the envelope [33].
A is the surface of the k-th component (opaque or transparent) of the envelope.

Table 1 shows the limit values of the global average coefficient (H'r), which are linked
to the climatic zone (according to the national regulation, Italy is divided into six climatic
zones ranging from A to F) and the ratio between the dispersive surface and the volume
(S/V). The school is located in climate zone C (the limit values are highlighted in bold).
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Table 1. Limit values of H'r [30].

Climate Zone
AB C D E F

Surface to Volume Ratio (S/V)

S/V =07 058 0.55 053 050 048
0.725/V=04 063 0.60 058 055 0.53
0.4>S/V 0.80 0.80 0.80 0.75 0.70

Major second level expansions and renovations for all

g 0.73 0.70 0.68 0.65 0.62
building uses

For major renovations of second-level, the stationary thermal transmittance (U) limit
values must be met. The structures to be verified are those subject to intervention and
delimiting the air-conditioned volume towards the external and non-air-conditioned en-
vironments. For windows, the transmittance value is calculated including frames, and not
considering the shading component. Table 2 shows the transmittance limit values to be
applied when carrying out major renovations of second-level. In bold is highlighted the
climate zone C (climate area of the school location).

Table 2. Transmittance limit values (Utimits) for existing buildings.

Ulimits [W/m?K] for Existing Buildings

External and towards Un-

External Walls (Subject to External Roof (Subject to  External Floor (Subject to  heated Environments Win-

Climatic Requalification) Requalification) Requalification) dows (Subject to Requalifi-
Zone cation)
From 1st From 1st From 1st From 1st From 1st From 1st From 1st From 1st
October 2015 January 2021 October 2015 January 2021 October 2015 January 2021 October 2015 January 2021
A-B 0.45 0.40 0.34 0.32 0.48 0.42 3.20 3.00
C 0.40 0.36 0.34 0.32 0.42 0.38 2.40 2.00
D 0.36 0.32 0.28 0.26 0.36 0.32 2.10 1.80
E 0.30 0.28 0.26 0.24 0.31 0.29 1.90 1.40
F 0.28 0.26 0.24 0.22 0.30 0.28 1.70 1.00

As can be seen, the transmittance limit values tend to decrease over the years. To
obtain lower values, it is necessary to increase the thickness of the insulation or to use
insulation materials with increasingly lower thermal conductivity values.

For windows, legislation requires the use of better-performing windows and there-
fore lowers the transmittance value to be met. In addition, it is necessary to verify that
windows delimiting the air-conditioned volume towards the outside with orientation
from East to West, passing through South have a solar transmission factor value less than
or equal to 0.35.

About the roof structures of buildings, it is mandatory to verify the effectiveness of
the use of materials with high solar reflectance for roofing (assuming a solar reflectance
value not less than 0.65 for flat roofs, and 0.30 for pitched roofs) or the application of pas-
sive climate control technologies.

In case of intervention concerning opaque structures delimiting the air-conditioned
volume towards the outside, hygrometric tests need to be carried out according to UNI
EN ISO 13788 [34].

An Italian fund for the school buildings is the Legislative Decree n. 104 of 2013 [35],
it provides for multi-year contributions for interventions of renovation and energy effi-
ciency. In addition, the project [36] is a program for smart, sustainable, and inclusive
growth of schools, running from 2014 to 2020. It provides 3 billion euros for programming
extended to all regions of Italy to achieve the EU 2020 targets. Considering the issues of
environmental sustainability and climate change, the project promotes a greener and
more competitive economy in the interventions of redevelopment and energy efficiency
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of schools whose realization provides particular attention on eco-friendly materials and
construction techniques with low impact on climate change.

3. Methodology

The study involves the analysis of an existing school located in Lecce, a city in South-
eastern Italy. Thermal simulations conducted in the Termolog EpiX 11 software [37]
showed the poor condition of the school in its current condition. Therefore, the most com-
mon interventions on the building envelope were tested. Initially, evaluations were con-
ducted considering conventional climate data, provided for building energy certification.
Subsequently, future climate data for the years 2020, 2050, and 2080 were exported from
the CCWorldWeatherGen calculation software [38—40] and imported into Termolog EpiX
11 to evaluate the impact of climate change on the building. Climate change simulations
were performed both considering the building in its current state (pre-intervention) and
considering the updated building (post-intervention). Energy performance indices and
indoor operative temperature were monitored to evaluate the building performance.

3.1. The Energy Assessment Tool

Termolog EpiX 11 is a modular energy software widely used in Italy for the calcula-
tion of the energy performance of the buildings and to perform dynamic hourly energy
simulations. It is recognized and certified by the Italian Thermo-technical Committee
(CTTI) [41].

The first step in the energy modeling process is to define the geographic data of the
building, the characteristics of the intervention, the date of construction, and the intended
use (also defining if it is a public building or a building for public use). Then, the thermal
zones are set, with the possibility of dividing them into the various rooms that make up
the building. Subsequently, the various opaque and transparent components that make
up the building are configured, setting the stratigraphic materials for each of them, defin-
ing their thermal and hygrometric characteristics.

The hourly dynamic engine allows to perform the hourly energy balance and deter-
mines the real response of the building to the climate and internal conditions, according
to the procedure given in EN ISO 52016:2018 [42]. With the hourly method, it is possible
to evaluate the temperature, in a transient regime and on an hourly basis, of each room in
the building. This is possible by solving a system of equations that describe the heat ex-
changes occurring through the envelope between the interior and exterior environments.
Because the equations are solved in matrix form, each building component is modeled in
a series of nodes (which constitute the thermal capacities and resistances of each element).
In this way, it is possible to calculate the hourly energy balance of the building, which
allows the internal temperatures of the rooms to be derived based on the time of the year.

The dynamic time engine of Termolog Epix 11 uses conventional climate data pro-
vided by national regulations. For the Italian legislation, the reference standard for con-
ventional climatic data is UNI10349-1:2016 [43], which supplies the climatic data required
for the design and verification of the energy and thermo-hygrometric performance of
buildings, including technical systems for summer and winter air conditioning. These
data are representative of the average climatic conditions for the verification of energy
and thermo-hygrometric performances. The database for updating UNI 10349 was estab-
lished in accordance with UNI EN ISO 15927-4 [44]. For the conventional year, the tem-
perature, relative humidity, solar irradiance, and wind speed values are given on an
hourly basis.

Additional data can be imported in Termolog Epix 11 using the CSV or EPW (Energy
Plus Weather) format for locations around the world and any year. In this study, data for
the years 2020, 2050, and 2080 were generated by the CCWorldWeatherGen calculation
software [45].

The CCWorldWeatherGen calculation software allows the calculation of climate data
over a wide time interval using the morphing procedure and the input data provided by
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EnergyPlus. The morphing procedure combines recorded climate data with climate mod-
els, producing time series containing the weather conditions of future climate scenarios,
incorporating the A2 scenario of IPCC greenhouse gas emissions. The method, therefore,
has the objective of “scaling” the data belonging to the climate model in proportion to the
recorded data, returning the spatial and temporal data necessary for the simulations to be
carried out on the buildings. The technique described results in a faithful expression of
the climatic evolution, and this can be seen by comparing the degree days calculated from
the morphed meteorological series with the degree days calculated directly from the cli-
mate model since in both cases a consistent reduction is shown between them. This
method permits to simulate the future climate at a given location with high accuracy and
then to examine the consequences for the energy performances of buildings.

3.2. The Climate of Lecce

This study involves the analysis of a school located in Lecce, a city in the southeast
of Italy. Lecce belongs to the climate zone C of the Italian climate classification; it is a
typical Mediterranean climate, alternating mild winters, hot springs, scorching summers,
and hot autumns, rainfall is almost always below 500 mm. In this zone, the design indoor
temperature of a building is 26 °C during the cooling period, which runs from March 31
to November 15, and 20 °C during the heating period, which runs from November 15 to
March 31 [46]. By an international classification, such as the Képpen climate classification
[47,48], Lecce is classified as Csa, Hot-summer Mediterranean climate. In summer, build-
ings in hot climates are affected by overheating phenomena, which negatively influence
people’s comfort and health [49]. Climate change leads to a slight decrease in wind speed
and, at the same time, an increase in outdoor air temperature, specific humidity, and direct
incident solar radiation.

The case study is a secondary school, and like other Italian schools, it is closed from
1st July to 31st August for summer vacations. Figure 1 shows the yearly and hourly trends
of the external temperatures in the city of Lecce under climate changes. The period high-
lighted in pink is relative to the summer closure of the school (from 1st July to 31st Au-
gust). The blue line is referred to the conventional climatic data provided by Termolog
Epix 11 following the UNI 10349, the orange, grey, and yellow lines are relative to the
years 2020, 2050, 2080 and are exported by the CCWorldWeatherGen calculation software.

Annual External Temperatures
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Figure 1. Yearly and hourly trends of the external temperatures in the city of Lecce under climate
changes.

Figure 2 points out the trend of the monthly and hourly trends of the external tem-
peratures from 1st to 30th June under climate change. The aim is to highlight the highest
peak that can be reached during any of the open periods, and how much this can be ag-
gravated by global warming caused by climate change.



Sustainability 2021, 13, 6375 8 of 23

External Temperatures (June 1 - June 30)
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Figure 2. Monthly and hourly trends of the external temperatures (from 1st to 30th June) in the
city of Lecce under climate changes.

Similarly, Figure 3 highlights the trends in external temperatures during one of the

coldest months of the year (from 1st to 28th February). The aim is to highlight the lowest
peak that can be reached.

External Temperatures (February 1 - 28 February)
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Time [Hours]

—UNI 10349 —2020 2050 2080

Figure 3. Monthly and hourly trends of the external temperatures (from 1st to 28th February) in
the city of Lecce under climate changes.

3.3. The School in the Pre-Intervention Phase

The chosen school can be considered as representative of a series of schools realized
in the same area for materials, distribution, and constructive typology. Like many local
schools, it has had little maintenance over the years and therefore needs renovation to
raise its energy performance.

The building was constructed in the 1980s. Its main facade is oriented towards the
south. The gross heated volume of the building is 17,003.90 m? and the dispersive surface
is 10,415 m?, with an S/V of 0.61. The interior height of each floor is 2.70 m. The building
(Figure 4) is designed to accommodate 197 students, and it has three floors distributed as
follows:

e Ground floor for the secretary’s office, presidency, teachers’ room, library archive and
2 bathrooms, auditorium, gym (composed by a locker room for teachers, 4 locker
rooms for students, a medical room, an office for the sports center and an apartment
for the custodian);

o First floor where there are 8 classrooms, school canteen, art, and computer lab and 2
bathrooms;

e Second floor featuring 11 classrooms and 2 bathrooms.
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AUDITORIUM

Figure 4. Spatial distribution of the school.
Table 3 shows the geometric data of all the thermal zones of the school.

Table 3. Geometric data of the school building.

Net Surface Area Gross Surface Area Net Volume Gross Volume
Thermal Zones

[m?] [m?] [m?] [m?]
Ground Floor 428.16 486.7 1389.10 1902.94
First Floor 905.88 984.63 2914.18 3891.13
Second Floor 603.88 673.03 1911.28 2711.59
Gym 901.01 982.16 5235.64 6440.65
Auditorium 445.74 476.58 1602.88 2057.59
Total 3284.67 3603.1 13,053.08 17,003.90

The structural frame consists of reinforced concrete beams and pillars. The external
walls are characterized by a double layer of tuff with air space, of variable thickness. The
internal walls have different thicknesses and are made of a single layer of tuff. The roof
and floors are made of reinforced concrete with a thickness of about 35-40 cm. The win-
dow frames are made of wood with single glazing without shutters.

The existing system currently consists of a floor-standing boiler with a capacity of 84
kW, complete with a 35-91 kW atmospheric burner, connected to a 1500-L storage boiler;
the system is complete with all safety and control accessories. This system is not working,
and all the components are obsolete and in a mediocre state of maintenance; therefore, the
total removal of the whole system and the installation of new equipment is expected.
There is no mechanical ventilation system, so the air exchange is natural and manual. En-
velope and system characteristics are summarized in Table 4.

Table 4. Pre-intervention phase: envelope and system characteristics of the school.

Envelope Properties

External Walls Internal Walls Internal Wall vs Unheated Zone
Wall 25 Wall 30 Wall 40 Wall 10 Wall 30 Wall 10 Wall 25
25 cm 30 cm 40 cm 10 cm 30 cm 10 cm 25 cm
1.755 W/m2K  1.283 W/m2K 1.040 W/m2K Vi/?r)rzlle 1.259 W/m2K 2.321 W/m2K 1.421 W/m2K
Slab/Roof Floor
35 cm 35 cm
1.544 W/m?2K 1.498 W/m2K

Windows
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g=0.85
Us=3.3 W/m?K
Ug =5.7 W/m*K
Technical Systems
Boiler Radiator
Unit Number 1 Unit Number -
Heat Source air Ne (%) 92
Ph (kW) 84 Nd (%) 95
Th,out (°C) 80 e (%) 94
COP 88% Ns (%) 100
Domestic Hot Water: Combined Heating
New= 95% Ndw=96% Naw=100%

3.4. The School in the Post-Intervention Phase

Once the initial state of the school was analyzed, minimal improvements were pro-
posed, among those that are generally suggested in the redevelopment of schools [50]. For
public schools, the interventions chosen by designers are usually low-invasive, technically
efficient, and cost-effective. Generally, the interventions proposed on the envelope con-
cern the addition of a layer of insulation to the opaque components and the replacement
of better-performing windows and doors. In addition, since the school is in a warm cli-
mate, the addition of shading systems is highly suggested.

In accordance with what is stated in Section 2 of this paper, the intervention proposed
for the school is classified as major renovations of second-level, as it affects the building
envelope with an incidence greater than 25% of the total gross dispersive surface of the
building and does not involve the winter and/or summer air conditioning system. The
measures applied to the opaque envelope are shown in Table 5. The refurbishment
measures are not applied to the air conditioning systems, because the main objective of
this study is to evaluate the behavior of the building envelope after retrofit actions, and
over the years.
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Table 5. Post-intervention phase: opaque envelope characteristics of the school.

Elements Layers d A o C drot AT U Ki Ke Y Fd
(Inside to Outside) [mm] [W/mK] [Kg/m¥] [KJ/KgK] [mm] [h] [W/m?K]  [kJ/m*K] [kJ/m?K] [W/m?K] -]
Plaster 10 0.700 1400 1.00
Interior walls Tuff blocks 80 0.550 1600 1.00 100 3h51 2.32 58.15 60.02 1.69 0.729
Plaster 10 0.900 1800 1.00
Plaster 10 0.700 1400 1.00
Walls towards unheated zone Tuft blocks 230 0:550 1600 100 325  11h24 0328 58.965 11.223 0.04 0.107
Polystyrene sheet 80 0.034 21 1.45
Plaster 5 0.900 1800 1.00
Plaster 9 0.700 1400 1.00
Tuff blocks 90 0.550 1600 1.00
Air 42 0.280 1.2 1.00 ,
External walls Tuff blocks 250 0.550 1600 1.00 476 16 h 27’ 0.321 59.930 11.334 0.01 0.027
Polystyrene sheet 80 0.037 16 1.45
Plaster 5 0.900 1800 1.00
Ceramic Tiles 10 1.300 2300 0.84
Concrete screed 50 1.060 1700 1.00
Floor towards the external Polystyrene sheet 80 0.037 16 1.45 ,
environment Bituminous membrane 5 0.170 1200 1.00 435 15h51 0345 58.509 100.506 0.02 0.058
Slab brick blocks + concrete beams 280 0.649 1800 1.00
Plaster 10 0.900 1800 1.00
Tiles 10 1.300 2300 0.84
Concrete screed 50 1.060 1700 1.00
Polystyrene sheet 30 0.032 35 1.45 ,
Floor on the ground Bituminous membrane 5 0170 1200 1.00 345 13h 05 0.636 57.697 130.502 0.08 0.127
Slab brick blocks + concrete beams 240 0.649 1800 1.00
Plaster 10 0.011 1800 1.00
Tiles 10 1.300 2300 0.84
Concrete screed 60 1.060 1700 1.00
. Polystyrene sheet 80 0.037 16 1.45 ,
Intermediate floor Bituminous membrane 5 0470 1.200 1.00 435 16 h 57 0.331 60.691 53.85 0.01 0.032
Slab brick blocks + concrete beams 270 0.649 1800 1.00
Plaster 10 0.900 1800 1.00
Plaster 10 0.700 1400 1.00
Slab brick blocks + concrete joists 240 0.649 1800 1.00
Dry sand 60 0.600 1700 0.840 ,
Roof Tuff 40 1.700 2300 130 435 15h 15 0.325 70.676 11.292 0.01 0.035
Polystyrene sheet 80 0.033 24 1.45
Plaster 5 0.900 1800 1.00

In green are outlined the construction materials added to the original structures.
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The improvement was made through the addition of an insulating layer of varying
thickness on all dispersive opaque structures, to verify the Italian limit values referred to
1 January 2021 (shown in Table 2). The insulating material chosen is expanded polysty-
rene, which is currently the cheapest with good thermal conductivity, compared to other
insulating materials available on the market.

Table 5 shows the stratigraphy of the opaque envelope and the thermal properties of
each construction material, in terms of thickness (d), thermal conductivity (A), density (o),
specific heat capacity (C). The final characteristics of each building opaque component are
calculated, in accordance with the UNI EN ISO 13786 [51], in terms of the total thickness
(dtot), time phase shift (AT), internal (Ki1) and external (K22) heat capacity, steady (U), and
dynamic thermal transmittance (Yi2). The construction materials added to the original
structures are outlined in green.

Heat loss to the ground can be calculated according to EN ISO 13370 [52] in a detailed
or simplified manner. As reported in [53], thermal losses due to thermal bridges are not
considered in the simplified method. The ground floor U-value reported in Table 5 of
0.636 W/mK is relative to the simplified method, and the relative transmittance limit is
0.844 W/m’K, thus it is verified. Once the structure is implemented in the whole-building
model, the detailed method is activated and the ground floor with all thermal bridges,
ground features, floor structural type, and burial depth is considered. When contextual-
ized, and the detailed method is activated, the U-value results in 0.233 W/m?2K, and the
limit value is 0.38 W/m2K (as for the external floors in Table 2), then, it is verified again.

In general, the windowed part of buildings represents one of the most critical points
for dispersion but also a cause of overheating [54]. In its initial state, the building had
glazing elements in very poor condition and with very high transmittance values. The
authors proposed the replacement of all windows, with new ones characterized by trans-
mittance values (Uw) lower than the limits imposed by law. Single glazing has been re-
placed with Low-e double glazing (4-14-4) with an argon cavity. The new frames are made
of hardwood. As for the mobile screens, dark-colored, opaque roller blinds have been
added on the outer side, with manual screening control. Table 6 shows the main thermo-
physical characteristics of the transparent elements.

Table 6. Window characteristics.

Geometry [cm] Ug [W/m2K] Ut [W/m2K] Uw [W/m2K]
160 x 155 1.65 3.2 2.04
60 x 210 1.65 2.5 2.15
140 x 285 1.65 3.2 1.98
180 x 320 1.65 3.2 1.92
304 x 172 1.65 3.2 2.07

4. Results and Discussions

The building has been modeled in Termolog Epix 11, both pre- and post-intervention,
first considering conventional climate data (UNI 10349) and then importing climate data
for the years 2020, 2050, 2080 processed by the CCWorldWeatherGen software. The results
are plotted in terms of energy performance indices, winter and summer heat loads, and
indoor operating temperature.

4.1. Energy Performance Indices

The useful thermal performance index was evaluated both for heating (EPrnd) and
cooling (EPcnd). These parameters are closely dependent on the thermal insulation of the
envelope (opaque and transparent). The useful thermal performance indices are evaluated
both for the pre- and post-intervention phases. They are calculated considering the con-
ventional climate data (UNI 10349) and the future climate data for the years 2020, 2050,
and 2080 (generated by the CCWorldWeatherGen software). Table 7 and Figure 5 show
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the useful thermal performance indices over the climate change calculated for the entire
school building. The percentage variation represents the percentage difference for 2020,
2050, and 2080 compared to the conventional year (UNI 10349).

Table 7. Useful thermal performance indices over the climate change.

UNI 10349 2020 % Var. 2050 % Var. 2080 % Var.

EPtind [KWh/m?] 100.64 943  —630% 7664 -23.85% 5656 —43.80%
EPcna [kWh/m?] 10.77 2448  127.30% 41.85 28858%  68.1  532.31%
PRE-INTERVENTION EPtotnd [kKWh/m?] 111.41 11878  6.62% 11849  635%  124.66  11.89%
EPtna [%] 90.33 79.39 64.68 4537
EPcna[%] 9.67 20.61 35.32 54.63
EPtind [KWh/m?] 35.85 3459  -351% 2653 -2600% 1895  -47.14%
EPcnd [kWh/m?] 8.38 9.8 1695%  23.02 17470% 3593  328.76%
POST- INTERVENTION EPtotnd [kKWh/m?] 4423 4439  036% 4955  12.03%  54.88  24.08%
EPtna [%] 81.05 77.92 53.54 3453
EPcnd[%] 18.95 22.08 46.46 65.47
140

1) | N S S_—— Y PSEE Lnie

(=]
(=]

Thermal Performance index [kWhim?]
)
&

UNI 2020 2030 2040 2050 2060 2070 2080
10349 Years
----- EPuaa PRE-INTERV. -----EPcnq PRE-INTERV. -----EPitnda PRE-INTERV.

EPu.a POST-INTERV.

EPc,s POST-INTERV. ——EPua.d POST-INTERV.
Figure 5. Trend of useful thermal performance indices over the years.

A change in the energy demand in the pre- and post-intervention phases is evident
from Figure 5. In both conditions, over the years, there is a strong reduction in the heating
demand of the building and an increase in the thermal energy demand for summer air
conditioning. Thus, due to climate change, the building will suffer from overheating prob-
lems and consequently see a significant increase in its cooling consumption.

As regards the useful thermal performance index for heating (EPrna), the percentage
variation between 2080 and conventional climate data is equal to —43.80% for pre-inter-
vention, and -47.14% for post-intervention, while for cooling (EPcnd), the percentage var-
iation is equal to 532.31% for pre-intervention and 328.76% for post-intervention.

The requalification measures have led to an improvement of the indices, much more
incisive on heating (EPund) than on cooling (EPcnd). The question is whether this type of
intervention will help the building in case of overheating caused by climate change. In
fact, from the analysis of the trends, it is evident that EPxnd decreases and EPcnd increases
significantly over the years, leading to an increase of the EPiwotnd, both pre- and post- inter-
vention.
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4.2. Internal Temperature Operative

The definition of the operative temperature (TOP) is introduced by UNI 10375 [55].
The operative temperature depends on the indoor air temperature and on the surface tem-
peratures of the thermal zone, from which the average radiant temperature is derived.
These parameters can be calculated according to UNI EN ISO 52016 [42] in a dynamic
regime with hourly steps and in a free-floating regime, with the system switched off.

Figure 6 shows the annual and hourly operative temperature trends for each thermal
zone of the school in the pre-intervention phase. The trends are plotted for the conven-
tional year (UNI 10349) and the years 2020, 2050, and 2080. Figure 7 shows the same yearly
and hourly trends plotted for the post-intervention phase. The pink box indicates the pe-
riod of summer closure of the school in July and August.

In both cases, it is evident that the operative temperature inside the building in-
creases over the years. It is very interesting to note that the trends in the pre-intervention
phase (Figure 6) are much more oscillating than those in the post-intervention phase (Fig-
ure 7). This means that the improvement measures applied to the envelope attenuate the
temperature fluctuations in the building.

Moreover, in the pre-intervention phase, an almost similar behavior is evident for all
thermal zones of the building, while, in the post-intervention phase, a differentiation of
trends is evident, especially in the hottest part of the year.

The ground floor differs significantly from the other floors, becoming much warmer,
especially in the summer months.
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PRE-INTERVENTATION
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Figure 6. Pre-intervention: yearly and hourly trends of internal temperature operative over the
years.
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POST-INTERVENTATION
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Figure 7. Post-intervention: yearly and hourly trends of internal temperature operative over the
years.

Tables Al and A2 show the maximum, minimum, and average operative tempera-
ture values for each month of the year as the years change. Table Al is for the pre-inter-
vention phase, Table A2 for the post-intervention phase. Values are highlighted with a
color scale ranging from blue (for the lowest temperature values) to red (for the highest
ones). The months of July and August are written in red to indicate that the school is
closed for summer vacation, and these are also the months when the internal operative
temperatures reach their highest peaks. Considering that the school is closed during these
months, the highest TOP peaks are reached in June.
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As for the maximum values of TOP, the month of June was observed. The conven-
tional climate data present higher temperatures than 2020 for all thermal zones.

Regarding the ground floor, the intervention has led to a significant increase in peak
temperatures in June, resulting in an actual worsening of summer overheating. In fact, in
the pre-intervention phase, in June 2020, the maximum temperature is 31.9 °C which
reaches 35.6 °C in 2080; in the post-intervention phase, in June 2020, the maximum tem-
perature is 33.9 °C and, in 2080, it is 36.9 °C. Although the retrofit measures worsen the
summer aspect, they improve the winter aspect. In fact, in the pre-intervention phase, a
minimum temperature of 8.3 °C is reached in February 2020 and 10.8 °C in 2080; in the
post-intervention phase, a minimum temperature of 13.8 °C is reached in February 2020
and 16.1 °C in February 2080.

As for the other thermal zones, the improved interventions positively affect the sum-
mer aspect, the maximum peak is attenuated by about 3 degrees. Although less impactful,
itis evident that the post-intervention shows an increase greater than 1 °C of the minimum
TOP value.

Figures 8 and 9 highlight the percentage value of hours when the temperature (T) is:
less than 20 °C (the heating system will be on), between 20 °C and 26 °C (optimal condi-
tion), less than 20 °C (the heating system will be on). The calculation is carried out consid-
ering the school is open year-round (8760 h). Figure 8 highlights these ranges up to 2080
in the pre-intervention phase. Figure 9 is related to the post-intervention phase.

School open year-round

Text Text Text Text Gym Gym Gym Gym Aud Aud Aud Aud
UNI 2020 2050 2080 2010 2020 2050 2080 2010 2020 2050 2080 2010 2020 2050 2080 2010 2020 7050 2080 2010 20’70 20\() 2080

10349

ET%<20°C ®20°C<T%>26°C ®T%>26°C

Figure 8. Pre-intervention: temperature ranges of the school always open, over the years.

School open year-round

Text Text Text Text Gym Gym Gym Gym Aud Aud Aud Aud
UNI 2020 2050 2080 2010 2020 2050 2080 2010 2020 2050 2080 2010 "0'70 20‘30 2080 2010 ’0"0 2050 2080 2010 2070 7050 "DSO

10349

BT%<20°C ®m20°C<T%>26°C mWT%>26°C

Figure 9. Post-intervention: temperature ranges of the school always open, over the years.

Analyzing the pre-intervention (Figure 8), the ranges are very similar for all thermal
zones of the building. Post-intervention analysis shows that the ground floor (GF), the
gymnasium (Gym), and the auditorium (Aud) suffer more from overheating, while their
behavior in the winter season has certainly improved. From the comparison of the opera-
tive internal temperatures with the external ones, it is evident that the hours in which the
internal temperatures are higher than the external ones prevail, in a more marked way, in
the post-intervention phase and this becomes worse and worse as the years go on. These



Sustainability 2021, 13, 6375

18 of 23

results are obtained after insulating the school envelope as the regulations suggest. While
there are benefits in the winter, there are negatives in the summer, especially as tempera-
tures tend to rise over the years. One of the critical issues that emerges is whether it has
been correct to make, over the years, the transmittance limit values increasingly restric-
tive, thus leading buildings to have increasingly higher thicknesses of insulation.

5. Conclusions

International efforts are being made to reduce energy consumption by buildings to
combat the impending climate change. Expectations for zero-energy buildings are high,
which is why so many measures are being taken to encourage the design of new high-
performance buildings and the renovation of existing buildings. It is known that climate
change will lead in the coming years to a sharp rise in temperatures, and therefore, the
need to combat overheating inside buildings. Regulations have imposed limits that must
be met to achieve the ZEB target. The best known are those imposed on stationary thermal
transmittance. Over the years and gradually, these limits have become increasingly strin-
gent, leading to the construction of more and more thermally insulated buildings. In fact,
low transmittance values are achievable by inserting high thicknesses of insulation or
high-performance insulation with very low thermal conductivity, or both. Having super-
insulated buildings can lead to increasing problems under climate change. Today many
investments are being made to reach the ZEB target, but what is the point if the building
will no longer be ZEB within 50 years. Especially, when the expenses are not yet amor-
tized, it will be necessary to make further interventions to improve the internal comfort.
Buildings thus become much warmer than the external environment and the situation
worsens considerably over the years. This study focuses on retrofit actions applied to an
existing school located in a Mediterranean climate. The school in the pre-intervention
phase is in a situation of degradation and low maintenance. It has been chosen as repre-
sentative of several schools in the area, both for construction technology and building ma-
terials. The proposed interventions are the most usual ones that are carried out in the ren-
ovation of schools. Following the Italian regulation, the intervention proposed for the
school is classified as major renovations of second-level, as it affects the building envelope
with an incidence greater than 25% of the total gross dispersive surface of the building
and does not involve the winter and/or summer air conditioning system. The refurbish-
ment measures are not applied to the air conditioning systems, because the main objective
of this study is to evaluate the behavior of the building envelope after retrofit actions, and
over the years.

The building was modeled in the Termolog Epix 11 software. Conventional climate
data were used at first, and then, climate data up to 2080 exported from the
CCWorldWeatherGen computational software were implemented. The results were plot-
ted for both the pre- and post-intervention phases up to 2080. The thermal performance
indices and internal operative temperature for each thermal zone of the school were ana-
lyzed on an annual and hourly basis.

The results show that discomfort increases over the years, even in the post-interven-
tion phase. Overheating leads to the need to implement cooling systems, as well as me-
chanical ventilation, which due to the pandemic is becoming increasingly important to
ensure healthy indoor air. This will lead to a shift towards an increased electricity supply
with significant potential implications for energy and environmental policy at national
and international levels. This study provides a broad overview of what could happen in
the coming years. One of the future developments could be the extension of the study to
the whole world for a global assessment of the measures activated.

The case study showed that the indoor operative temperature will increase in the
future, the heating thermal performance index will decrease, in contrast to the cooling
thermal performance index that will increase, leading to an increase in the annual total
demand of the building.
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Therefore, future goals that should be pursued in the field of building energy effi-

ciency research should include the development of a dynamic predictive model of climate
change to be provided to designers to ensure retrofit actions capable of ensuring comfort
within buildings for a longer time, while mitigating the effects of climate change.
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Appendix A

Table Al. Pre-intervention: maximum, minimum, and average TOP values.

Pre-Intervention

Ground Floor—TOP ..\ Floor—TOP [°C] Second Floor—TOP [°C]

Gym—TOP [°C]

Auditorium—TOP

[°C] [°C]
Month/Year Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg
01/UNT10375 15.9 119 143 83 111 143 | 87 113 143 92 112 147 | 92 116
02/UNI10375 15.6 108 137 | 62 100 140 103 147 [ 71 107
03/UNI10375 190 | 90 136 167 | 92 126 175 | 97 132 168 97 131 184 | 99 139
04/UNI10375 214 134 171 185 131 159 197 135 167 192 142 170 207 144 178
05/UNI10375 259 160 214 232 156 200 247 163 211 241 171 214 261 173 225
06/UNI10375| 324 207 264 293 203 245 306 211 256 307 223 263 322 224 272
07/UNI10375 324 241 287 294 235 271 307 247 284 310 264 293 324 263 302
08/UNI10375 334 239 279 303 235 263 315 245 275 316 259 283 330 261 290
09/UNI10375 293 194 238 266 189 224 277 199 233 274 208 237 287 207 243
10/UNII0375 258 158 197 236 152 187 242 156 192 238 161 194 250 159 19.9
11/UNII0375 204 128 165 184 124 156 187 128 158 186 134 160 193 130 164
12/UNI10375 16,5 11.9 143 111 147 11.3 149 11.7
01/2020 144 106 127 97 127 99 132 10.1
022020 156 | 88 121 136 111 138 85 113 138 92 116 144 9 118
03/2020 179 | 102 140 155 96 127 160 102 132 161 109 136 167 106 14
04/2020 207 132 169 179 128 154 186 136 162 188 146 168 198 145 173
052020 278 157 212 249 151 196 261 156 206 266 166 214 277 164 221
062020 | 319 193 247 289 186 230 300 198 242 307 213 253 317 212 258
072020 | 347 232 286 316 227 270 326 242 282 334 259 295 344 26 301
08/2020 | 345 235 299 317 229 283 327 241 294 335 256 307 344 255 31
09/2020 294 206 247 264 203 232 269 211 240 276 224 250 284 224 252
10/2020 244 145 198 222 144 186 230 147 191 235 157 198 24 155 199
112020 193 | 109 148 174 | 108 139 175 | 109 140 177 114 145 181 | 113 145
12/2020 158 | 67 115 141 64 107 140 | 66 108 141] 69 110 145 | 66 11
01/2050 156 | 76 118 138 | 74 108 138 111 143 | 80 112
022050 166 | 94 132 147 92 121 148 95 124 149 102 127 154 100 129
03/2050 187 | 110 148 164 104 135 168 11 141 170 117 144 176 | 115 148
04/2050 215 141 177 188 136 162 194 145 17 197 155 177 207 154 182
0502050 286 165 220 257 159 204 269 164 214 275 174 223 285 172 229
062050 | 335 206 260 30.6 199 244 317 211 256 324 227 268 335 227 273
07/2050 | 868 249 305 337 245 289 348 259 302 356 278 316 366 279 321
082050 | 366 253 319 338 247 303 348 259 314 357 276 328 366 274 331
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09/2050 309 220 262 279 218 247 284 226 255 292 239 265 300 239 268
10/2050 257 156 209 236 154 197 244 158 202 249 168 209 254 166 210
11/2050 206 122 16.1  18.7 | 12.0 151 188 @ 121 15.3 19.0 127 157 194 @ 124 157
12/2050 171 | 83 13.0 154 | 79 121 153 | 82 122 155 85 125 159 | 82 125
01/2080 16.8 9.0 13.0 150 | 87 121 150 | 89 12.1 152 94 124 155 9.4 12.5
02/2080 179 [ 108 145 160 | 105 134 161 | 10.8 137 162 116 140 168 114 142
03/2080 20.0 @ 122 16.1 176 @ 11.6 148 181 122 15.3 183 18.0 157 189 @ 127 16.1
04/2080 230 155 191 202 150 176 209 159 184 211 169 191 222 168 196
05/2080 304 181 236 275 175 221 288 18.0 231 294 191 241 305 189 247
06/2080 35.6 225 28.0 327 218 263 339 231 27.6 347 247 289 358 247 295
07/2080 390 270 327 359 266 311 371 281 324 380 30.0 339 3890 301 345
08/2080 390 277 343 363 271 327 373 283 339 383 301 354 392 299 357
09/2080 332 243 285 302 240 270 307 248 278 315 263 289 323 262 291
10/2080 279 174 229 258 172 216 266 176 22.2 272 188 230 277 185 231
11/2080 222 137 177 202 135 166 204 13.6 168 207 142 173 21.0 140 173
12/2080 18.4 | 9.5 143 167 | 9.1 133 166 | 94 134 168 97 138 172 | 95 138
The color scale ranges from blue (lowest temperature values) to red (highest temperature values).
Table A2. Post-intervention: maximum, minimum, and average TOP values.
Post-Intervention

Ground Floor—TOP [°C] First Floor—TOP [°C] Second Floor—TOP [°C] Gym—TOP [°C] A“d‘t°r[f,"CT_TOP
Month/Year Max Min Avg Max Min Avg Max Min Avg Max Min Avg Max Min Avg
01/UNI10375  16.9 14.1 153 125 101 111 137 = 10.7 12 147 118 13 148 123 134
02/UNI10375  16.6 12.9 149 11.6 - 102 118 9.4 107 121 101 112 127 107 119
03/UNI10375 21 15 179 145 106 124 148 109 127 144 112 125 1538 12 13.7
04/UNI10375 253 195 226 175 186 157 181 14 162 179 141 162 195 154 17.6
05/UNI10375 3806 237 275 219 165 196 229 172 203 228 17.6 203 247 191 221
06/UNI10375 | 867 293 325 269 212 236 276 222 245 282 225 249 302 244 269

07/UNI10375 | 881 @ 347 364 278 254 266 289 267 278 305 28 292 324 299 31
08/UNI10375 | 88.6 34.4 36.2 283 249 264 294 26.8 279 311 292 30 329 307 316
09/UNI10375 | 36 287 321 259 21 231 275 225 248 29.6 249 27 312 26 28.4
10/UNI10375 = 30.2 23 26.2 219 16.7 19 23.2 17.9 20.3 25 199 225 263 207 234

11/UNI10375  24.1 198 216 177 144 157 186 152 166 20.1 165 181 21 17.4 19
12/UNI10375  20.5 14 169 148 | 96 119 155 | 107 128 166 118 14 175 | 124 146
01/2020 14.8 109 142 110 121 142 112 123
02/2020 16.9 138 153 121 97 108 122 102 112 123 11.0 11.6 133 116 124
03/2020 20.4 159 184 142 112 129 146 | 116 133 144 120 134 156 128 145
04/2020 24.2 19.6 223 17.0 137 157 179 | 141 162 174 142 161 190 154 175
05/2020 29.8 22.8 26.0 222 162 189 23 17.1 19.6 229 172 19.7 248 187 213
06/2020 339 287 307 255 212 227 264 223 238 268 227 243 289 245 261
07/2020 371 319 347 282 239 262 292 253 273 302 264 283 323 282 303
08/2020 379 339 35 291 257 280 302 275 292 319 298 311 337 315 328
09/2020 348 294 320 262 219 238 28 234 255 301 261 28.0 317 271 292
10/2020 30.5 22.3 26.4 225 162 194 239 17.7 20.8 262 202 232 273 208 24.0
11/2020 23.0 162 199 167 | 117 144 18 127 156 202 147 177 208 151 182
12/2020 16.9 117 148 109 132 153 | 113 136
01/2050 16.0 132 147 121 10.8 138 106 118 151 12 131 151 122 133
02/2050 18.0 14.9 16.4 13 107 118 131 11.1 121 134 121 127 143 127 134
03/2050 21.3 17.0 193 149 12 137 154 124 141 153 13 143 165 139 154
04/2050 250 204 231 177 144 164 186 149 17 183 151 17 199 163 184
05/2050 306 236 268 229 169 196 237 178 203 238 181 206 256 19.6 222
06/2050 351 295 318 267 222 238 276 23 248 282 236 255 302 253 273
07/2050 38.9 33.3 36.3 299 253 277 309 26.6 288 321 278 30.1 342 297 320
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08/2050 39.8 35.8 384 308 274 297 319 29.2 31 339 317 331 357 33.6 349

09/2050 36.6 30.9 335 278 232 252 297 24.7 27 321 277 297 337 287 31.0

10/2050 31.8 23.5 27.6 238 172 204 252 18.7 219 278 214 246 289 220 254

11/2050 242 17.5 212 177 | 127 155 19 13.8 l6.6 214 16 189 220 164 195

12/2050 18.3 14.1 16.8 13.3 122 142 10.8 129 161 124 146 166 128 15.0
01/2080 17 14.4 15.9 13.0 119 144 11.6 127 157 131 141 158 133 144

02/2080 19.3 16.1 177 141 118 129 142 12.2 132 147 133 139 157 139 147

03/2080 22.6 18.3 206 160 132 148 165 13.6 152 166 143 156 178 152 16.7

04/2080 26.3 21.7 244 189 155 175 198 16 182 19.7 164 183 213 176 198

05/2080 32.1 25.1 28.3 245 182 21.0 25.2 19.1 21.8 255 195 221 274 21 23.8

06/2080 36.9 31.1 335 283 238 254 293 24.6 265 302 253 273 323 271 292

07/2080 41 35.2 383 318 270 295 328 28.3 30.6 343 299 322 365 318 342

08/2080 42 38 40.7 329 295 318 34 31.3 33 364 34 355 382 358 373

09/2080 38.9 33.1 358 299 252 273 318 26.7 29 346 30 321 361 311 334

10/2080 34.1 25.3 296 257 189 222 272 20.4 237 301 235 267 312 241 27.6

11/2080 26.1 19.1 229 193 | 141 169 207 15.2 181 234 176 208 241 18 21.3

12/2080 198 153 181 146 | 111 134 156 | 119 141 178 138 16 182 141 165

The color scale ranges from blue (lowest temperature values) to red (highest temperature values).
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